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Description

[INTEGRATED CARBON NANOTUBE

SENSORS]

Background of Invention

[ooo 1
] Field of the Invention

[0002] The embodiments of the invention generally relate to in-

tegrated circuit technology, and more particularly to de-

vices and techniques for evaluating operation parameters

of integrated circuit chips.

[0003] Description of the Related Art

[0004]
| n the integrated circuit industry, it is imperative to moni-

tor the operation of an integrated circuit for control, test-

ing, and/or diagnostic purposes. Conventionally, signals

are made either internally using electrical readouts (e.g.,

diagnostic circuits, latches, scan chains, and related

structures), or remotely using physical sensors (e.g.,

charge coupling device (CCD) detectors, thermal imagers,

and magnetic field sensors). Unfortunately, electrical



readout circuitry generally occupies valuable chip area, in-

duces performance degradation or load to critical circuits

on the chip, and cannot specifically pinpoint the location

of problems.

[0005] Furthermore, remote sensing using physical sensors from

the front side of chips is typically blocked by metal wiring

and surface interconnects or input/output (I/O) devices.

From the back side, signals tend to be severely attenuated

by the silicon substrate and blocked by metal wiring as

from the front side. Moreover, remote sensors are also

generally lacking with regard to spatial resolution, where

the best case has shown to be approximately on the order

of one micron, which is already ten times greater than the

minimum integrated circuit features.

[0006] Therefore, there remains a need for a novel structure and

method for monitoring the operation of an integrated cir-

cuit during operation, which further provides enhanced

resolution qualities, is operable at the wafer level or on

packaged parts, does not occupy significant chip area,

and does not negatively impact circuit and/or device per-

formance.

Summary of Invention

[0007]
| n V jew 0f the foregoing, an embodiment of the invention



provides an integrated circuit comprising a device to be

monitored and a carbon nanotube field effect transistor

(CNT FET) proximate to the device to be monitored. The

CNT FET is adapted to sense signals from the first transis-

tor, wherein the signals comprise any of temperature,

voltage, current, electric field, and magnetic field signals.

Moreover, the CNT FET is adapted to measure stress and

strain in the integrated circuit, wherein the stress and

strain comprise any of mechanical and thermal stress and

strain. Additionally, the CNT FET is adapted to detect de-

fective circuits within the integrated circuit. According to

an embodiment of the invention, the device to be moni-

tored comprises a transistor configured in a metal oxide

semiconductor configuration. Furthermore, according to

an embodiment of the invention, the device to be moni-

tored comprises a gate; a source region; a drain region;

and a gate insulator layer separating the gate from each

of the source region and the drain region. Moreover, the

CNT FET comprises a CNT FET gate; a CNT FET source re-

gion; a CNT FET drain region; and a carbon nanotube sep-

arating the CNT FET source region and the CNT FET drain

region. According to an alternate embodiment, the gate of

the device to be monitored and the CNT FET gate com-



prise a shared structure. According to another embodi-

ment, the source region of the device to be monitored and

the CNT FET source region comprise a shared structure.

Also, the device to be monitored comprises any of a field

effect transistor, a diode, a wire, a via, a resistor, an in-

ductor, and a capacitor.

[0008] Another aspect of the invention provides an integrated

circuit comprising a primary transistor and an embedded

CNT FET spaced apart from the primary transistor,

wherein the CNT FET is adapted to sense signals from the

primary transistor, wherein the signals comprise any of

temperature, voltage, current, electric field, and magnetic

field signals. Additionally, the CNT FET is adapted to mea-

sure stress and strain in the integrated circuit, wherein the

stress and strain comprise any of mechanical and thermal

stress and strain. Furthermore, the CNT FET is adapted to

detect defective circuits within the integrated circuit. Ac-

cording to an embodiment of the invention, the primary

transistor comprises a metal oxide semiconductor config-

uration. In one embodiment of the invention, the primary

transistor comprises a gate; a source region; a drain re-

gion; and a gate insulator layer separating the gate from

each of the source region and the drain region. Moreover,



the CNT FET comprises a CNT FET gate; a CNT FET source

region; a CNT FET drain region; and a carbon nanotube

separating the CNT FET source region and the CNT FET

drain region. According to an alternate embodiment, the

gate of the primary transistor and the CNT FET gate com-

prise a shared structure. According to another embodi-

ment, the source region of the primary transistor and the

CNT FET source region comprise a shared structure. Addi-

tionally, the primary transistor comprises any of a field ef-

fect transistor, a diode, a wire, a via, a resistor, and a ca-

pacitor.

[0009] Another aspect of the invention provides a method of

evaluating operating parameters of an integrated circuit,

wherein the method comprises forming a primary transis-

tor in the integrated circuit, embedding a CNT FET in the

integrated circuit, operating the primary transistor, and

detecting signals of the primary transistor using the CNT

FET, wherein the signals comprise any of temperature,

voltage, current, electric field, and magnetic field signals.

The method further comprises measuring stress and

strain in the integrated circuit using the CNT FET, wherein

the stress and strain comprise any of mechanical and

thermal stress and strain. Additionally, the method com-



prises detecting defective circuits within the integrated

circuit using the CNT FET. Furthermore, the step of form-

ing comprises configuring the primary transistor in any of

a field effect transistor, a diode, a wire, a via, a resistor,

an inductor, and a capacitor configuration.

[0010] According to the embodiments of the invention, the CNT

FET has enhanced resolution qualities, has the capability

of being operable at both the wafer level or on packaged

parts, is configured small enough such that it does not

occupy significant chip area, and is configured such that it

does not negatively impact circuit and/or device perfor-

mance. The embodiments of the invention may be incor-

porated in microprocessors, application-specific inte-

grated circuits, SRAM configurations, arrays of memory

cells, macros, cores, and digital or analog circuit elements

that have a known physical design for detection of specific

defects or specific characterization of the circuit element.

For example, the embodiments of the invention may be

used for power use analysis, thermal characterization,

IDD, critical path analysis, as well as other on-chip testing

and diagnostic parameters affecting device performance.

[001 1] These and other aspects of the embodiments of the in-

vention will be better appreciated and understood when



considered in conjunction with the following description

and the accompanying drawings. It should be understood,

however, that the following descriptions, while indicating

preferred embodiments of the invention and numerous

specific details thereof, are given by way of illustration

and not of limitation. Many changes and modifications

may be made within the scope of the embodiments of the

invention without departing from the spirit thereof, and

the embodiments of the invention include all such modifi-

cations.

Brief Description of Drawings

[0012] The embodiments of the invention will be better under-

stood from the following detailed description with refer-

ence to the drawings, in which:

[0013] Figure 1 is a cross-sectional diagram of a portion of an

integrated circuit having an integrated carbon nanotube

sensor device according to a first embodiment of the in-

vention;

[0014] Figure 2 is a circuit diagram of the devices of Figure 1;

[0015] Figure 3 is a circuit diagram of a carbon nanotube transis-

tor device used in conjunction with the embodiments of

the invention;



[0016] Figure 4 is a cross-sectional diagram of an integrated car-

bon nanotube sensor device according to a second em-

bodiment of the invention;

[0017] Figure 5 is a circuit diagram of the devices of Figure 5;

[0018] Figure 6 is a cross-sectional diagram of an integrated car-

bon nanotube sensor device according to a third embodi-

ment of the invention;

[0019] Figure 7 is a circuit diagram of the devices of Figure 7;

and

[0020] Figure 8 is a flow diagram illustrating a preferred method

of an embodiment of the invention.

Detailed Description

[0021] jhe embodiments of the invention and the various fea-

tures and advantageous details thereof are explained

more fully with reference to the non-limiting embodi-

ments that are illustrated in the accompanying drawings

and detailed in the following description. It should be

noted that the features illustrated in the drawings are not

necessarily drawn to scale. Descriptions of well-known

components and processing techniques are omitted so as

to not unnecessarily obscure the embodiments of the in-

vention. The examples used herein are intended merely to



facilitate an understanding of ways in which the embodi-

ments of the invention may be practiced and to further

enable those of skill in the art to practice the embodi-

ments of the invention. Accordingly, the examples should

not be construed as limiting the scope of the embodi-

ments of the invention.

[0022] As mentioned, there remains a need for a novel structure

and method for monitoring the operation of an integrated

circuit during operation. The embodiments of the inven-

tion achieve this need by providing a carbon nanotube

field effect transistor (CNT FET) capable of being embed-

ded as a diagnostic sensor in a complimentary metal ox-

ide semiconductor (CMOS) integrated circuit. Referring

now to the drawings, and more particularly to Figures 1

through 8, there are shown preferred embodiments of the

invention. Figures 1 through 7 and the descriptions

therein, refer to individual CMOS or CNT devices. How-

ever, for ease of understanding only one transistor is il-

lustrated in each of Figures 1 through 7. Moreover, those

skilled in the art would readily understand how the de-

vices shown in Figures 1 through 7 would extend to more

complete integrated circuit configurations.

[0023] Figure 1 illustrates a first embodiment of the invention



whereby a CNT FET is integrated as a sensor in a CMOS

device. The portion of the integrated circuit 5a comprises

a silicon wafer 10 with source 24 and drain 22 diffusion

regions implanted in the silicon wafer 10. A gate insulator

layer 25, for example a nitride oxide, is then grown over

the silicon wafer 10 including a portion in between the

source 24 and drain 22 regions. Thereafter, a gate 30 is

configured over the gate insulator layer 25. A contact and

via/ metal interconnect structure 45 is then connected to

the gate 30. Additionally, a contact and via/ metal inter-

connect structure 46 is connected to the drain 22. A first

interlevel dielectric layer 35 is formed over the gate 30

and adjacent to the gate insulator layer 25 and side por-

tions of the raised source 24 and drain 22 regions. Fur-

thermore, spacers 15 are formed surrounding the gate 30.

[0024] Next, a CNT FET sensor device is formed using any con-

ventional technique, such as that described in U.S. Patent

Publications US 2003/0218224A1 and US

2001/0023986A1, the complete disclosures of which, in

their entirities, are herein incorporated by reference,

wherein the CNT FET sensor device comprises a source 54

and drain 52 region with a nanotube 55 disposed there-

between and a gate 50 positioned proximate to the source



54/drain 52/nanotube 55 portion of the CNT FET. As

such, the corresponding vertical CNT FET gate 50 is

placed in proximity to the grown CNT channel. The gate

50 may be comprised of existing metal fill shapes. The

CNT FET is held at a fixed bias such that changes in its

channel current are due only to local temperature, volt-

age, current, electric field, and magnetic field gradients.

[0025] a second interlevel dielectric layer 40 is formed over the

first interlevel dielectric layer 35, and surrounds the CNT

FET source 54, drain 52, gate 50, and nanotube 55. While

the figures illustrate a generally vertical source 54/drain

52/gate 50/nanotube 5 5 portion of the CNT FET, those

skilled in the art would readily understand incorporating

any configuration, including a horizontal configuration.

[0026] Figure 2 further illustrates the integrated circuit 5a,

wherein the CMOS FET device 75 comprises a gate 30,

source 24, and drain 22. Similarly, the CNT FET device 70

comprises a gate 50, source 54, and drain 52, and a nan-

otube 55 between the source 54 and drain 52. As shown

in Figures 1 and 2, the CNT FET device 70 is configured as

a parasitic device to the CMOS device 75 without electrical

connection therebetween. Figure 3 illustrates the CNT FET

device 70 of Figure 2 in more physical detail.



[0027] Figures 4 and 5 illustrate a second embodiment of the in-

vention, which is embodied similar to the first embodi-

ment, and as such like reference numerals in Figures 1-2

and 4-5 correspond to like components in the schematics.

The difference between the first embodiment and the sec-

ond embodiment is that the integrated circuit 5b of the

second embodiment includes a common gate 60 for the

CMOS device 75 and CNT FET device 70.

[0028] Figures 6 and 7 illustrate a third embodiment of the in-

vention, which is embodied similar to the first and second

embodiments, and as such like reference numerals in Fig-

ures 1-2, 4-5, and 6-7 correspond to like components in

the schematics. The difference afforded by the third em-

bodiment is that the integrated circuit 5c of the third em-

bodiment includes a common gate 60 and common

source 65 for the CMOS device 75 and CNT FET device 70.

Thus, such a CNT FET device 70 could be placed in prox-

imity to an existing CMOS signal path or gate stack, shar-

ing the same gate electric field source, and hence act as a

"follower device" wherein the signal driving the pre-

existing CMOS device 75 could be monitored by the fol-

lower CNT FET device 70. Furthermore, the existing CMOS

signals and gate voltage are monitored by the CNT FET



70, whereby the CNT FET device 70 shares its source 65

with the CMOS device source 65 and its gate 60 with the

CMOS device gate 60. Hence the voltage on the CMOS de-

vice gate 60 simultaneously affects an electric field in

both the CMOS device 75 and the CNT FET device 70 such

that the electric field in the CNT FET device 70 is directly

proportional to the signal appearing on the drain 52 of

the CNT FET device 70.

[0029] According to the embodiments of the invention, the CNT

FET device 70 serves as a temperature, voltage, current,

electric field or magnetic field sensor for the CMOS device

75, wherein the local respective gradients in the CMOS

device 75 are being sensed by the CNT FET device 70.

Similarly, the CNT FET device 70 serves as a stress and

strain sensor for the CMOS device 75, wherein the stress

and strain present in the CMOS device 75 is being sensed

by the CNT FET device 70. Furthermore, while two inter-

level dielectric layers 35, 40 are shown, those skilled in

the art would readily understand how fewer or greater

number of interlevel dielectric and corresponding metal

wiring layers could be used, with the CNT FET device

formed in any of the interlevel dielectric and correspond-

ing metal wiring layers.



[0030] By embedding the CNT FET devices 70 in an integrated

circuit 5a, 5b, 5c that are many times smaller than critical

features on the integrated circuit 5a, 5b, 5c, local mea-

surement of key operating parameters, such as tempera-

ture, voltage, current, electric field, and magnetic field

signals, with minimal chip area requirement and no elec-

trical circuit degradation or loading is allowed. CNT FET

devices 70 are preferably used as sensors due to their rel-

atively small size, high sensitivity, and material compati-

bility with silicon CMOS integrated circuit films and pro-

cesses. As described above, the CNT FET sensors 70 could

be embedded in the CMOS processing using known meth-

ods in order to detect local changes in electric field, tem-

perature, magnetic field, and related properties of interest

during integrated circuit operation that facilitates in pro-

viding information about both normally functioning and

defective circuits and regions of the integrated circuit chip

5a, 5b, 5c. Furthermore, the CNT FET sensors 70 are

wired and interfaced to on-chip and/or off-chip circuitry

using existing known methods and circuits.

[0031] According to the embodiments of the invention, the CNT

FET device 70 is a field modulated device whereby the

conductive properties of the carbon nanotube 55 are con-



trolled by the electric field present and are further depen-

dent upon temperature, magnetic field, stress, and strain.

Therefore, the CNT FET 70 is positioned close enough to

the device being monitored 75 that the signals passing

through the CNT FET 70 will be affected by any significant

electronic field, magnetic field, change in temperature,

stress, strained, exerted by the adjacent device or transis-

tor 75. Further, in alternative embodiments, the CNT FET

70 is spaced far enough away from the device being mon-

itored 75 that the CNT FET 70 does not affect the opera-

tion of the device being monitored 75. The exact posi-

tioning of the CNT FET 70 with respect to the device being

monitored 75 will vary from design to design and will also

vary depending upon how closely the adjacent device 75

needs to be monitored, in that the closer the CNT FET 70

is placed to the device being monitored 75, the more

likely that the fields, stresses, etc. exerted by the device

being monitored will affect the signals passing through

the CNT FET 70. The electric field, temperature, magnetic

field, stress, and strain are affected not only by normal

operation of the proximate CMOS device 75, but also by

various defects within the nearby circuitry. Connecting the

CNT FET 70 to appropriate measurement and amplifica-



tion circuitry would thereby provide signals indicating the

occurrence of such conditions.

[0032] Figure 8 (in accordance with the embodiments and com-

ponents shown in Figures 1 though 7) illustrates a method

of evaluating operating parameters of an integrated circuit

5a, 5b, 5c, wherein the method comprises forming (102) a

primary transistor 75 in the integrated circuit 5a, 5b, 5c;

embedding (104) a CNT FET 70 in the integrated circuit

5a, 5b, 5c; operating (106) the primary transistor 75; and

detecting (107) signals of the primary transistor 75 using

the CNT FET 70, wherein the signals comprise any of tem-

perature, voltage, current, electric field, and magnetic

field signals. The method further comprises measuring

(109) stress and strain in the integrated circuit 5a, 5b, 5c

using the CNT FET 70, wherein the stress and strain com-

prise any of mechanical and thermal stress and strain. Ad-

ditionally, the method comprises detecting (111) defective

circuits within the integrated circuit 5a, 5b, 5c using the

CNT FET 70. Furthermore, the step of forming (102) com-

prises configuring the primary transistor 75 in any of a

field effect transistor, a diode, a wire, a via, a resistor, an

inductor, and a capacitor configuration.

[0033] The CNT FET 70 may be used as a sensor as part of a



power management system. Specifically, the CNT FET 70

may be used to determine when a region in the integrated

circuit chip 5a, 5b, 5c requires additional power paths/

connections to that region. Moreover, the CNT FET 70 may

be used to determine whether a region in the integrated

circuit chip 5a, 5b, 5c requires a reduction in the power

paths/connections to that region. Furthermore, the CNT

FET 70 may be used to measure the current/voltage in the

power distribution within the integrated circuit chip 5a,

5b, 5c and to determine when the need arises to refresh

standby/sleeping circuitry.

[0034] insofar as stress/strain can affect device performance, as

well as lead to dislocations that affect device functionality,

the CNT FET 70 in combination with the primary FET 75

provides detection of areas within the integrated circuit

5a, 5b, 5c which are subject to elevated stress/strain lev-

els which may result in device degradation and/or failure.

[0035] Generally, the invention provides an integrated circuit 5a,

5b, 5c comprising a first (or primary) transistor 75 and an

embedded carbon nanotube field effect transistor 70 in

proximity to (or alternatively, spaced apart from) the first

(or primary) transistor 75, wherein the CNT FET 70 is di-

mensioned smaller than the first (or primary) transistor



75. The CNT FET 70 is adapted to sense signals from the

first (or primary) transistor 75, wherein the signals com-

prise any of temperature, voltage, current, electric field,

and magnetic field signals. Moreover, the CNT FET 70 is

adapted to measure stress and strain in the integrated

circuit 5a, 5b, 5c, wherein the stress and strain comprise

any of mechanical and thermal stress and strain.

[0036] Additionally, the CNT FET 70 is adapted to detect defec-

tive circuits within the integrated circuit 5a, 5b, 5c. Ac-

cording to one embodiment, the first (or primary) transis-

tor 75 comprises a metal oxide semiconductor configura-

tion. Furthermore, the first (or primary) transistor 75

comprises a gate 30, a source region 24, a drain region

22, and a gate oxide layer 25 separating the gate 30 from

each of the source region 24 and the drain region 22.

Moreover, the CNT FET 70 comprises a CNT FET gate 50, a

CNT FET source region 54, a CNT FET drain region 52, and

a carbon nanotube 55 separating the CNT FET source re-

gion 54 and the CNT FET drain region 52. According to

one embodiment, the gate of the first (or primary) transis-

tor 30 and the CNT FET gate 50 comprise a shared (same)

structure 60. According to another embodiment, the

source region of the first (or primary) transistor 24 and



the CNT FET source region 54 comprise a shared (same)

structure 65.

[0037] The embodiments of the invention may be incorporated in

microprocessors, application-specific integrated circuits,

SRAM configurations, arrays of memory cells, macros,

cores, and digital or analog circuit elements that have a

known physical design for detection of specific defects or

specific characterization of the circuit element. For exam-

ple, the embodiments of the invention may be used for

power use analysis, thermal characterization, IDD, critical

path analysis, as well as other on-chip testing and diag-

nostic parameters affecting device performance.

[0038] According to the embodiments of the invention, the CNT

FET 70 has enhanced resolution qualities because the di-

mension of the CNT FET 70 itself being substantially

smaller than that of the CMOS device 75 in which it is em-

bedded allows problems to be localized to the specific lo-

cation of the CNT FET 70 with a spatial resolution on the

order of the size of the CNT FET 70. Additionally, the CNT

FET 70 has the capability of being operable at both the

wafer level or on packaged parts as it is embedded within

and uses circuitry inherent in the original CMOS integrated

circuit 5a, 5b, 5c. Moreover, the CNT FET 70 is configured



small enough such that it does not occupy significant chip

area due to the substantially smaller diameter of FETs at-

tainable with carbon nanotube technology as compared

with the transistors and interconnecting conductors of

CMOS devices 75. Furthermore, the CNT FET 70 is config-

ured such that it does not negatively impact circuit and/or

device performance because the CNT FET 70 is only pas-

sively coupled by temperature, electric field, magnetic

field, stress, or strain to the devices and circuits which it

is monitoring.

[0039] The foregoing description of the specific embodiments

will so fully reveal the general nature of the invention that

others can, by applying current knowledge, readily modify

and/or adapt for various applications such specific em-

bodiments without departing from the generic concept,

and, therefore, such adaptations and modifications should

and are intended to be comprehended within the meaning

and range of equivalents of the disclosed embodiments.

For example, while the drawings and descriptions illus-

trate the first (or primary) transistor in a field effect tran-

sistor, the embodiments of the invention are equally ap-

plicable to other transistor and circuit configurations in-

cluding, but not limited to, a a diode, a wire, a via, a re-



sistor, an inductor, and a capacitor configuration. It is to

be understood that the phraseology or terminology em-

ployed herein is for the purpose of description and not of

limitation. Therefore, while the embodiments of the in-

vention have been described in terms of preferred em-

bodiments, those skilled in the art will recognize that the

embodiments of the invention can be practiced with mod-

ification within the spirit and scope of the appended

claims.


